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We begin with giving some motivation for the study of charm semileptonic and fully leptonic decays. We turn 
next to a discussion of semileptonic absolution branching fraction results form CLEO-c. Two exciting high 
statistics results on fully leptonic decays of the D + — ► fi + u and — > p^v from CLEO-c and BaBar are 
reviewed. We turn next to a discussion of recent results on charm meson decay to pseudo-scalar £nu decays 
from FOCUS, BaBar, and CLEO-c. We conclude with a review of charm meson decay into Vector Iv . 
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1. Introduction 

Figure ^ shows cartoons of the Df — ► £ + v fully 
leptonic process and the D° — > K~l + v semileptonic 
decay process. All of the hadronic complications for 
this process are contained in the decay constant for 
fully leptonic decay or the q 
tor for semileptonic processes 
using non-perturbative methods such as LQCD. Al- 
though both processes can in principle provide a de- 
termination of charm CKM elements, one frequently 
uses the (unitarity constrained) CKM measurements, 
lifetime, and branching fraction to measure the fo 
decay constant or the q 2 integral of the square of the 
semileptonic form factor. These can then be com- 
pared to LQCD predictions to provide an incisive test 
of this technique. The q 2 dependence of the semilep- 
tonic form factor can also be directly measured and 
compared to theoretical predictions. 

The hope is that charm semileptonic and fully lep- 
tonic decays can provide high statistics, precise tests 
of LQCD calculations and thus validate the computa- 
tional techniques for charm. Once validated, the same 
LQCD techniques can be used in related calculations 
for i?-decay and thus produce CKM parameters with 
significantly reduced theory systematics. For example 
the recent B® mixing rate measurement by CDF and 
DO is proportional to the squared fg g decay constant. 
The analogous fo 3 computed using similar methods 
was recently measured by the BaBar Collaboration. 



2. Absolute Semileptonic Decay 
Branching Fractions from CLEO 

These results are based on the first 56 pb _1 of 
CLEO charm threshold running at the ?/>(3770) At 
this energy charm is produced by cither in D°D° or 
D + D~ final states since there is not enough kinematic 
room to produce an additional pion ,1] . This is a par- 
ticularly desirable environment for measuring abso- 
lute branching fractions since one essentially divides 
the corrected number of observed DX events where 
X decays into a given semileptonic state to the to- 
tal corrected number of states with a reconstructed 




Figure 1: Diagrams for the fully leptonic (top) and 
semileptonic (bottom) decay of charmed mesons. The 
QCD complications are contained in a decay constant fo 
for the fully leptonic case, and q 2 dependent form factors 
for semileptonic decays. Both processes, in principle, pro- 
vide measurements of CKM matrix elements 



D. The semileptonic branching fraction results Q are 
summarized in Fig. [21 

Figure [3] gives an example of the CLEO D° — > 
7r~e + ^ signal. The signal appears as a peak cen- 
tered at zero in the variable U = i?Miss — c|Pmiss| in 
events with a fully reconstructed D°. To get a con- 
tribution to the signal peak, one must have a single 
missing v and the proper masses must be assigned 
to the charged semileptonic decay daughters in con- 
structing i^Miss- Figure |21 illustrates the power of this 
kinematic constraint by showing the separation be- 
tween the D° — > 7r~e + z^ signal and a D° — > K~e + v 
background where the K~ has been misidentified a tt~ 
by the particle identification system. Even though the 
K~e + v dominates over -K~e + i> by about an order of 
magnitude, its contamination near U sa is very small 
and manageable. 

CLEO has also reported on inclusive semileptonic 
decays of the D° and the D + . The data are based 
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Figure 2: Ten exclusive absolute semileptonic branching 
fractions measured by the CLEO collaboration divided by 
the previous world average values compiled by PDG2004. 
The CLEO fractional errors are shown with red error bars 
within the blue boxes. The PDG2004 relative errors are 
shown as blue boxes. Even though these results are based 
on only about 20% of CLEO's present sample, in most 
cases they are more precise than the previous world aver- 
age. 
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Figure 3: Illustration of a n+e+v signal obtained in the 
first 57 pb" 1 of CLEO-c running at the ^(3770). The 
signal forms a peak near U = Emiss — c|A/iiss ~ 0. A 
misidentification background from D° — > K~e + v is well 
displaced from the signal. 



281 pb -1 of their ^(3770) running. Figure 0] com- 
pares the electronic momentum spectrum obtained 
against tagged D° and the D+ along the curves used 
to extrapolate the spectrum below their cut-off of 
P e < 200 MeV/c. Roughly 7.6% of the semileptonic 
decays produce an electron below this 200 MeV elec- 
tron momentum cut according to their Monte Carlo 
model generated with ISGW2 form factors. A 1% 
systematic uncertainty is assessed on the inclusive B 
values summarized in Table [I] for the momentum ex- 
trapolation below 200 MeV/c. 

The table summarizes the preliminary results for 
the D° and D+ inclusive semileptonic branching 
fractions and compares each result to the sum of 



v - 0.3 

'> 

13 

'i/i 
a 

-.0.2 

<l 



T o.i 
a 





AD* 




1 □ D° 


• 


h #TTk — D*fit 




' T* D°fit 







0.2 0.4 0.6 0.8 1 

P„{GeV) 

Figure 4: The momentum spectrum of elec- 
trons/positrons for the CLEO-c inclusive semileptonic 
selection for D° and D+ candidates. The fitted curves, 
based a Monte Carlo model, are used to extrapolate the 
spectrum below the electron momentum cut-off of 200 
MeV/c. 



the CLEO exclusive mode branching fractions. The 
known exclusive modes come close to saturating the 
inclusive modes although there might be some room 
for additional, unmeasured exclusive states. 



Table I Inclusive semileptonic branching fractions com- 
pared to the sum of the semi exclusive branching fractions 
measured by CLEO. 



D° -> Xe+v 

T, Z B % (D° -> Xe+v) 


(6.46 ± 0.17 ± 0.13)% 
(6.1 ± 0.2 ± 0.2)% 


D+ -> Xe+v 

T,iBi (D+ -» Xe+v) 


(16.13 ± 0.20 ± 0.33)% 
(15.1 ± 0.5 ± 0.5)% 



One can also use the ratio of the exclusive D+ and 
D° semileptonic branching fractions and the known 
D° and D+ lifetimes to measure the ratio of D+ and 
D° semileptonic widths. 



1 D+ 

rSL 

1 D° 



— = 0.985 ± 0.028 ±0.015 (1) 

td+ 



The value is consistent with unity as expected from 
isospin symmetry. The errors on the new CLEO width 
ratio represents a considerable improvement over pre- 
vious data. 



3. Fully leptonic decays from CLEO and 
BaBar 

Charm fully leptonic decays are difficult to study 
because of their very low branching ratios. The rate 
is low since the charged lepton is forced into an un- 
natural hclicity state to conserve angular momentum. 
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The decay width is proportional to two powers of the 
lepton mass - in this case the mass of the muon. 



B(D -> hv)/t d 



ik 9 i 2 (2) 



For example CLEO Q measures B (D^ 
(4.40 ±0.66 ±0.1) x 10" 4 , while BaBar has a prelimi- 
nary measurement of B (Df — ► n + v) = (6.5 ± 0.8 ± 
0.3 ± 0.9) x 10 -3 . The order of magnitude larger 
Df —^n + v fully leptonic B reflects the factor-of-two 
difference in the Df and D + lifetimes as well as the 
fact that the Df fully leptonic decay is a Cabibbo 
favored process where D + — ► fi + v is not. 

Both the CLEO signal for D+ -> fj,+v (« 50 signal 
events) and the preliminary BaBar signal for Z?+ — > 
/i+iv (489 ± 55 signal events) are shown in Fig. [5] 




0.25 0.3 0.35 
AM (GeV/c 2 ) 

Figure 5: Signals for D + — > jj, + v from CLEO (top) and 
Df — > from BaBar (bottom). The D + — > signal 
appears as a peak in the missing mass distributions in 
CLEO tagged events where all tracks are reconstructed 
but the neutrino. The Df — > u + v signal forms a peak in 
the Df* -» 7D+ mass difference plot. 



The CLEO signal, based 281 pb" 1 of the V(3770) 
running, is a peak near zero in the missing-mass in 
events where there is a single track recoiling against a 
fully reconstructed D~ . The prominent peak centered 
to the right of the neutrino peak, near a missing mass 
of w 0.25 GeV 2 /c 2 , presumably corresponds to charm 
decays with an unreconstructed Kl . 

The BaBar analysis is very different since they are 
running at the T(45) which is far from charm thresh- 
old. They observe the D+ — > \i + v decay by observ- 
ing a peak in the Am = m([i + v 7) — m(fj, + i>) mass 



difference corresponding to the decay D+* — > "fD+. 
The neutrino four-vector is estimated from the miss- 
ing momentum in the event along with the application 
of a -D+ mass constraint when the neutrino is com- 
bined with the reconstructed muon. There is a slight 
peaking background near w 0.07 GeV/c due to pho- 
tons originating from ir° rather than Df* decay. The 
dashed background is due to Df* — > 7-D+ — > j(t~v) 
decays. It is interesting to note that although the 
D + * — » jD + — > 7(/i + ^) background will peak at es- 
sentially the same Am as the Df* — > 7-D+ — > 7(/i + ^) 
signal, this background will be essentially negligible in 
light of the order of magnitude lower S (D + — > /i + ^) 
and the fact that Z? (£)+* — * jDf) is about 60 x larger 
than B(D+* -> 7D+). 

Table II Fully leptonic decay constants 



/d+ LQCD (FNAL/MILC)[4J 


201 ± 3 ±17 MeV 


/d+ (CLEO) [2] 
/ds (BaBar) 


222.6±16.7+g;4 MeV 
279 ± 17 ± 6 ±19 MeV 


/d,/ fn+ BaBar/CLEO 


1.25 ± 0.14 



The CLEO Jd+ result is consistent with the 
latest LQCD estimate from the FNAL/MILC 
collaboration^ and has comparable errors. The 
BaBar f Ds result is about 25 % higher than f D+ as 
expected in LQCD calculations. Both fp> decay con- 
stants are measured to about 8 %. The major system- 
atic error for the BaBar measurement is ± 19 MeV, 
due to the 13% uncertainly in the B (D+ — ► cf)ir + ) mea- 
sured by BaBar which was used to normalize their 
D+ — > fi + v signal. 



4. Pseudoscalar tv decays from FOCUS, 
BaBar, Belle, and CLEO 

The below equation gives the expression for the dif- 
ferential decay width for D — > Plv where P is a pseu- 
doscalar meson. 



dT (D -> Piv) 



G 2 F \V cq \ 



' P 3 



24tt 3 



{\f + (q 2 )\ 2 + 0(mf)}(3) 



The pseudoscalar semileptonic decay - in the limit 
of low charged lepton mass - is controlled by a sin- 
gle form factor f+(q 2 ). An important motivation for 
studying pseudoscalar semileptonic decays is to com- 
pare the measured f+(q 2 ) to the calculated f+(q 2 ) us- 
ing techniques such as LQCD. The Pp factor (where 
Pp is the momentum of the pseudoscalar in the D rest 
frame) creates a strong peaking of aT/dq 2 at low q 2 . 
Unfortunately the low q 2 region is where discrimina- 
tion between different f+{q 2 ) models is the poorest, 
and LQCD calculations arc the most difficult. To the 
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extent that /+(q 2 ) calculations are trusted, a measure- 
ment of the pseudoscalar semileptonic decay widths 
can provide new measurements of the CKM matrix 
elements. 

We begin discuss studies on the shape of f+(q 2 ) 
for the decay D° — > K~l + v. An early parameteri- 
zation for f+(q 2 ) used spectroscopic pole dominance. 
This is based on a dispersion relation obtained using 
Cauchy's Theorem under the assumption that f+(q 2 ) 
is an analytic, complex function as illustrated in Fig. 
[S]for D° — > K~e + v. The f+(q 2 ) singularities will con- 



Cauchy Theorem 

lm{s} 

(m D +m K ^ 




Figure 6: The form factor is assumed to be an analytic 
function with pole singularities at the masses of bound 
states, and cuts that start at the start of the continuum. 
One can use Cauchy's theorem with the indicated contour 
to write an dispersion expression for f+(q 2 ) in the physical 
range < q 2 < (mo — mx) 2 - 



sist of simple poles at the D°K + vector bound states 
(e.g. -D* + ) and cuts beginning at the D°K + contin- 
uum (q 2 > (M D + M K ) 2 ). The dispersion relation 
gives f+(q 2 ) as a sum of the spectroscopic pole and 
an integral over the cut: 



Mi 2 ) 



n 



2 9 



lm ^ S » ds (4) 



(mn+Kf S-q'- IE 



Both the cuts and poles are beyond the physical g 2 max 
and thus can never be realized. One might expect the 



spectroscopic pole to dominate as q 



as long 



as the pole were well separated from the cut. Nei- 
ther of these conditions is particularly well satisfied 
for D° — > K~e + v. The minimum separation from 

0.74 GeV which seems 
The gap be- 



the pole is \/q 2 max - m Ds 
large on the scale of the charm system, 
tween the pole and the start of the cut interval is only 
0.25 GeV. Hence it does not appear that the data ever 
gets "close' to a "well-isolated" pole in D° — > K~e + v. 

Several experiments have measured the "effective" 
pole mass in D° — > K~e + v decay over the years, 



where i+(q ) 



1 /( m lole 



As Fig. [7| shows, 



as errors have improved over the years, it becomes 
clear that the effective pole is significantly lower than 
the spectroscopic pole, underscoring the importance 
of the cut integral contribution for this decay. 
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Figure 7: Effective pole mass measurement in D — » 
K~ e + v over the years The green line is the rn D * spec- 
troscopic pole mass and is inconsistent with the average of 
the displayed data by 5.1 a. 



Becirevic and Kaidalov (1999) proposed a new 
parameterization for f+{q 2 ) that would hopefully pro- 
vide more insight into the interplay between the spec- 
troscopic pole and the cut integral contributions. 



c D m 2 Dt 



-D* 



q* 



(5) 



Becirevic and Kaidalov represent the cut integral by 
an effective pole that is displaced from the spectro- 
scopic pole by a factor of ^/y, and has a residue that 
differs from the spectroscopic pole by a factor —a. 
Becirevic and Kaidalov use counting laws, and form 
factor relations in the heavy quark limit to argue that 
a = l/y. This constraint leads to a modified pole 
form with a single additional parameter a that de- 
scribes the degree to which the single spectroscopic 
pole fails to match f+(q 2 ) for a given process. 



Mi 2 ) = 



MO) 



(1 - q 2 /m 2 D J (1 - aq 2 /m 2 D J 



(G) 



The spectroscopic pole dominance limit is a — > 0. As 
a is increased, the effective cut pole both gets closer to 
9 2 max limit while simultaneously acquiring a stronger 
residue. Both effects act to create a faster q 2 depen- 
dence than that of the spectroscopic pole thus creating 
an effective single effective pole with m po i c < mr) a *- 
This is indeed what happens in the data summarized 
in Fig. □ 

The Becirevic and Kaidalov parameterization has 
been used extensively in some of the calculational de- 
tails of recent charm LQCD calculations of the /+ 
form factor. The final /+(q 2 ) computed in refer- 
ence is well fit with a modified pole form with 
a{K-'e + v) = 0.5 ±0.04 and a{-K-e + v) = 0.44 ±0.04. 
It is interesting that the a parameters for the LQCD 
■~ e + v are so similar to those for 



calculations D 
D Q — > K~ 
gularities. 



(i 



~v given the different locations of their sin- 



For the D" 



for example, q 



lies much closer to the spectroscopic pole than the case 
in D° — > K~e + v and for pion decay the D* + pole lies 
within the Dn continuum. 
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Although with present precision, data seems to 
match the modified pole form as well as the effective 
pole form, it is not clear that the heavy quark limit 
really applies to charm semileptonic decay. Alterna- 
tive f+(q 2 ) parameterizations have therefore been pro- 
posed in the literature Q. 

There are now several fine-bin, non-parametric 
measurements for f+(q 2 ) for D a — ► K~e + h>. Es- 
sentially the first of these was from FOCUS (2004). 
The FOCUS data uses the decay chain D*+ — > 
7T 4 [K~ /i+ v) and uses a signal consisting of w 13000 
events after a tight m(D*) — m(D) cut. Figure |H1 il- 
lustrates the method used by FOCUS to reconstruct 
the missing neutrino required to compute q 2 . In 
the K~ — fi + center of frame, the requirement that 
K~ fi + v forms a D° determines the energy of the v. 
The requirement that the tt + (K~ ix + v) forms a D + * 
restricts the neutrino to lie on a cone about the n 
momentum. The D° momentum vector is directed 
against the neutrino in this frame. One then varies the 
azimuth about the neutrino cone, boosts the D° mo- 
mentum vector into the lab, and selects the azimuth 
where the D° comes closest to the primary vertex in 
the photoproduced event. The resultant q 2 resolution 
(also in Fig. 0)is roughly a(q 2 ) w 0.20 GeV 2 which is 
comparable to the q 2 binning of 0.18 GeV 2 . A matrix 
based deconvolution technique is applied to the data. 
The adjacent f+(q 2 ) values have roughly a 65% neg- 
ative correlation owing to q 2 smearing between bins. 

Figure shows the deconvoluted f+(q 2 ) measure- 
ments both with and without subtraction of known 
charmed backgrounds. It is intriguing to note that 
background only substantially affects the highest q 2 
bin. The curve shows an effective pole form with 
Wp i c = 1.901 GeV or a modified pole parameter of 
a = 0.32. Both forms fit the data equally well. 

This year, the published results of CLEO III 
and FOCUS have joined by preliminary results from 
BaBar, CLEO-c, and Belle. Figure ITUI compares their 
measurement of the f+(q 2 ) from w 100K D° — > 
K~e + v to the FOCUS measurements and LQCD pre- 
dictions 0. BaBar makes this measurement at the 
T(45) and hence also must neutrino closure tech- 
niques similar to FOCUS. Their q 2 resolution is nearly 
identical to that of FOCUS and they also have an 
65% negative correlation between f+(q 2 ) bins. Apart 
from the two highest BaBar q 2 bins, agreement with 
both FOCUS and the LQCD calculations is good. 

The values are summarized in Table Mil for both 
D° -> K~i + v and D° -> n~i + v. The (preliminary) 
CLEO-c entry in Table ITTT1 is based on 281 pb" 1 of 
data taken at the 0(3770) but does not require a fully 
reconstructed tagging recoil D° unlike most CLEO-c 
■0(3770) analyzes. This creates a significant increase 
in event statistics, but has worse q 2 resolution than 
in CLEO-c fully tagged analyzes. The CLEO-c un- 
tagged analysis still has an order of magnitude better 
q 2 
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Figure 8: Illustration of how the neutrino can be recon- 
structed in a fixed target experiment such as FOCUS for 
the decay sequence D* + — > tt + (K ~ /j, + u) . In the K~ /i + 
rest frame the neutrino lies on a cone with a momentum 
and 1/2 angle given by the D and D* mass constraint. 
One can the vary the azimuth along the cone to pick the 
solution where the D passes closest to the primary vertex. 
On the right we show the q 2 
technique. 



resolution obtained using this 



f+ (Q ) ■ after 



subtraction — pole=1 .9 A before subtraction 
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Figure 9: /+(<? 2 ) shapes in K~ I + v obtained by FOCUS 
8] prior to charm background subtraction triangles and 
after background subtraction rectangles. The curve is an 
effective pole fit with m po i c = 1.91 GeV/c 2 . 
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Figure 10: Agreement between the FOCUS and BaBar 
f+(q 2 ) shapes in K~£ + v. The results are also compared 
to a recent LQCD calculation^ 



The K~£ + v measurements do not seem terribly 
consistent between experiments. My naive weighted 
average of the K~£ + v values is a{K~£ + v) — 0.35 ± 
0.033 but the CL value that all values are consistent 
is only 0.9 %. The consistency goes up to 39 % if the 
preliminary CLEO-c value of a = 0.19 is excluded. 
My weighted average of a{-K~£ + v) = 0.33 ± 0.08. The 
consistency CL for all three pion measurements is a 
respectable 56 %. 

Table III Modified pole a parameters 





a{K-£ + v) 


u(tv~£ + u) 


CLEO IIH9] 
FOCUS [8] 
BaBar 
CLEO-c 
Belle 


0.36 ± 0.10 ± 0.08 
0.28 ± 0.08 ± 0.07 
0.43 ± 0.03 ± 0.04 
0.19 ± 0.05 ± 0.03 
0.52 ± 0.08 ± 0.06 


0.37T£.3? ± 0.15 

0.37 ± 0.09 ± 0.03 
0.10 ± 0.21 ± 0.10 


WT AVE 


0.35 ± 0.033 


0.33 ± 0.08 



The data on a{%~e + v) appears to be consistent 
with that for a(K~ e + v) as is the case in LQCD cal- 
culations. At this point, the pion data are not suffi- 
ciently accurate to make a really incisive test of the 
difference between a(n~ e + v) and a{K ~e + v). 



5. Vector tv Decays 

Although historically vector decays such as D + — » 
— *o , 

K £ + v have been the most accessible semileptonic 



decays in fixed target experiments owing to their ease 
of isolating a signal, they are the most complex decays 
we will discuss. One problem is that a separate form 
factor is required for each of the three helicity states of 
the vector meson. Vector £ + v states result in a multi- 
hadronic final state. For example D + — > K £ + v final 
states can potentially interfere with D + — ► K ~n + £ + v 
processes with the K~tt + in various angular momen- 
tum waves with each wave requiring its own form fac- 
tor. I will concentrate on form factor measurements 
of Vector Iv decays. 

I believe at present, the D + — > K~n + £ + v and 
Df — * cj)£ + v are the only decays with reasonably 
well measured form factors. The three decay an- 
gles describing the D + — > K~it + £ + v decay are il- 
lustrated in Fig. fn] The other kinematic variables 
are q 2 and m^i- Because the rriKix distribution in 




Figure 11: Definition of kinematic variables. 



D + — > K~-k + £ + v was an excellent fit to the K*° 

Breit-Wigner, it was assumed for many years that any 

non-resonant component to D + — > K~n + £ + v must 

be negligible. In 2002, FOCUS observed a strong, 

forward-backward asymmetry in cos 6y for events with 
— *o 

m^Trbelow the K pole with essentially no asymme- 
try above the pole as shown in Figure lT2l The simplest 



0.8 < M(Ktt) < 0.9 GeV/c 2 



0.9 < M(Ktt) < 1.0 GeV/c 2 




-1.0 -0.5 



cos(6 v ) 



Figure 12: Evidence for s-wave interference in D + 
K~-k + £ + v. 



explanation for the cos 0y asymmetry is an interfer- 
ence between s-wave and p-wave amplitudes creating a 
linear cos 9 V term. The phase of the s-wave amplitude 

must be such that its phase is nearly orthogonal with 

*o 

the Breit-Wigner (BW) phase for rriKw > m(K ). 
The (acoplanarity) averaged \A\ 2 in the zero lepton 
mass limit (Eq. Q) is constructed from the Breit- 
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Wigner (BW), s-wave amplitude (Ae lS ), and the he- 
licity basis form factors H + (q 2 ), H_(q 2 ), H (q 2 ) that 

describe the W + coupling to each of the K spin 



states [lOj- We also need an additional form factor 
(h (q 2 )) describing the coupling to the s-wave ampli- 
tude. 



/ 



A\ 2 d X =-q 2 { 



' ((l + cos6l ; )sin<V) 2 \H+(q 2 )\ 2 \BW\ 2 
((1 - cos6l ; )sin(9y) 2 \H-(q 2 )\ 2 \BW\ 2 
(2sm0i cosOy) 2 \H (q 2 )\ 2 \BW\ 2 
8 (sin 2 0i cos V ) H (q 2 )h o (q 2 )Re { Ae~ lS BW) 
I +Q(A 2 ). 



(7) 



The H + (q 2 ), H_(q 2 ), and Ho(q 2 ) form factors are linear combinations of two axial and one vector form factor 
as indicated in Eq. JHJ. 

H ± (q 2 ) = (M D +m K7r )A 1 (q 2 )T2 ^ MDK V(q 2 ) , 



Ho(q 2 



2m K K\/q 2 



M D + m K7r 

M 2 K 2 

(M 2 D m 2 KlT q 2 ){M D + m K ,)Al(q 2 ) ~ 4—^ A 2 (q 2 ) 



(8) 



Eq. (JHl shows that as q 2 — > 0, both H + (q 2 ) and 
H-(q 2 ) approach a constant. Since the helicity in- 
tensity contributions are proportional to q 2 H±(q 2 ) ( 
Eq. (Q) the H± intensity contributions vanish in 
this limit. Figure 1131 explains why this is true. As 
q 2 — > 0, the e + and v become collinear with the vir- 
tual W+. For H + {q 2 ) and H_(q 2 ), the virtual W+ 
must be in either the |1,±1) state which means that 
the e + and v must both appear as either righthanded 
or lefthanded thus violating the charged current he- 
licity rules. Hence q 2 H±{q 2 ) vanishes at low q 2 . For 
Ho(q 2 ), the W + is in |1,0) state thus allowing the 
e + and v to be in their (opposite) natural helicity 
state. Hence at low q 2 , H Q (q 2 ) — > \j\fq 2 which al- 
lows for D + — > K [i + v decays as q 2 — > 0. Presum- 
ably ho(q 2 ) — > \j\fq 2 as well since it also describes a 
process with W + is in |1,0) state 

Vector l + v processes have been traditionally ana- 
lyzed using a spectroscopic pole dominance model for 
V(q 2 ), Ai(q 2 ) and A 2 (q 2 ). The vector pole is at the 
mass of the D* ; while both axial poles are set to 2.5 
GeV. 

Under these assumptions the shape of the D + — * 

K fi + v intensity (apart from the s-wave effect) is 
fully determined from the ratio of the axial and vector 
form factors at q 2 = 0. Traditionally the variables are 
r v = V(0)/Ai(0) and r 2 = V(0)/Ai(0). A long series 

of measurements has been made for D + — > K*° l + v 
and Df — > (f> £ + v over the years under the assump- 
tion with spectroscopic pole dominance |Tlj . A wide 
range of theoretical techniques have been employed 




Figure 13: The electron helicity state in the low q 2 limit. 
When the virtual W + is in the zero helicity state, the 
e + and v have the opposite helicity and can be in their 
charged-current helicity states. When the virtual W + is 
in the (1, ±1) state the e + and v must be in the same 
helicity states and violate the weak helicity rules. 



to predict the form factor ratios more or less success- 
fully [l2( [13| |b| . Figures El summarize these mea- 
surements. My weighted average is r v = 1.618 ±0.055 
and r 2 = 0.830 ±0.054 with a confidence level of 6.7% 
that all r v values are consistent and 42% that all r 2 
values are consistent. Only the latest measurement 
by FOCUS includes the s-wave contribution- includ- 
ing it with the ad-hoc assumption that the ho(q 2 ) 
form factor for the Kn s-wave contribution is the 

same as the Ho(q 2 ) form factor for the zero helicity 
— *o 

K contribution. 

The experimental situation with Df — » <f> £ + is 
shown in Fig. ^|is somewhat less clear [l7|. By SU(3) 
symmetry and explicit calculation, the r v and r 2 form 

factor ratios for D + — > K i + v and Df — > <p 
decays are expected to lie within 10% of each 
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Figure 14: The r„and r2form factor ratios for D + — > 
K l + v measured by six experiments. The blue lines are 
the weighted average of all six measurements. 



other |15| . This is true for r v , but previous to the 
very recent measurement by the FOCUS 0], r-i for 
D+ — > tfi l + v was roughly a factor of two larger 

than that for D + — > K l + v although there is a 
27% confidence level that all published r2 values for 
Df — > cf) l + v are consistent. 

Given the failure of the spectroscopic pole model in 
pseudoscalar t + v decays, and the fact that the q 2 max 

for D + — > ~K £+ v is even further from the D+* pole 
than the case for K~£ + v it seems unlikely that spec- 
troscopic pole dominance is a good model for axial and 
vector form factors relevant to vector l + v decay. Al- 
though most groups reporting r v and ri values show 
that their fits roughly reproduce the various cos(9 v , 
cos^, q 2 , and x projections observed in their data, 
there have been no quantitative tests to my knowledge 
on the validity of the the spectroscopic pole assump- 
tions in vector £ + is charm decay. Fajfer and Kamenik 
[l8| have proposed an effective pole descriptions of the 
vector and two axial form factors used in Eq. Q ■ For 
example their V(q 2 ) parameterization is identical to 
the f+{q 2 ) given in Eq. 10. But I know of no at- 
tempts to fit for either the effective pole parameters 
of Fajfer and Kamenik or simple effective poles such 
as those displayed in Fig. [7| for K~l + v. The prob- 
lem is that the spectroscopic pole constraint is such 
a powerful constraint that releasing it would severely 
inflate errors on r v and r^ . 



As a first attempt to study D + — > K £ + v free from 
the constraining assumption of spectroscopic pole 
dominance, FOCUS [ljj developed a non-parametric 
method for studying the helicity basis form factors. 
As shown in Eq. J7J, after integration by the acopla- 
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Figure 15: The r„and r2form factor ratios for Df — > <f> £ + v 
measured by five experiments. The blue lines are the 
weighted average of the D + — > K £ + u form factors shown 
in Fig. 1141 It was expected that the — » <f> l + v form 



factors should be consistent with the D 
factors. 



K I v form 



narity x to kill interference between different helicity 
states, the decay intensity greatly simplifies into a sum 
of just four terms proportional to: H^q 2 ), H^_(q 2 ), 
H_(q 2 ), and h (q 2 ) H (q 2 ) ■ Each term is associated 
with a unique angular distribution which can be used 
to project out each individual term. The projection 
can be done by making 4 weighted histograms using 
projective weights based on the cos6> v and cos^ for 
each event. 

Figure shows the four weighted histograms from 
a preliminary analysis of 281 pb" 1 of ^(3770) CLEO 
data. The CLEO data are far superior for this analy- 
sis because of its nearly order of magnitude better q 2 
resolution than the resolution in a fixed target exper- 
iment such as FOCUS. 

Figure shows the expected behavior that 
H±(q 2 ) — * constant as q 2 — > while H^q 2 ) and 
h (q 2 ) H (q 2 ) approaches 1/q 2 - The curves give the 
helicity form factors according to Eq. (7J , using spec- 
troscopic pole dominance and the r Vl ri, and s-wave 
parameters measured by FOCUS. Apart from the 
ho(q 2 ) Ho(q 2 ) form factor product the spectroscopic 
pole dominance model is a fairly good match to the 
CLEO non-parametric analysis. This suggests that 
the ad-hoc assumption that ho(q 2 )—H (q 2 ) is ques- 
tionable but it will probably take more data to gain 
insight into the nature of the discrepancy. 

Figure IT7I gives a different insight into the helicity 
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Figure 16: The four helicity form factor products obtained 
in a preliminary analysis using 281 pb _1 data set from 
CLEO. The curves represent the model of Reference [2flj |. 



basis form factors by plotting the intensity contribu- 
tions of each of the form factor products. This is the 
form factor product multiplied by q 2 . Since q 2 H 2 {q 2 ) 
is nearly constant, we normalized form factors such 
that q 2 H 2 (q 2 ) — 1 at q 2 = 0. As one can see from 
Eq. (J2J, both q 2 H\{q 2 ) and q 2 !! 2 ,^ 2 ) rise from zero 
with increasing q 2 until they both equal q 2 H 2 (q 2 ) at 

q 2 m ax- As q 2 is increased from the D + — * K*° £ + v 
0v distribution evolves from cos6*y (100 % longitudi- 
nally polarized) to a flat distribution (unpolarized). 

What can we learn about the pole masses? Unfor- 
tunately Fig. EDshows that the present data are insuf- 
ficient to learn anything useful about the pole masses. 
On the left of Figure El the helicity form factors are 
compared to a model generated with the FOCUS form 
factor ratios and the standard pole masses of 2.1 GeV 
for the vector pole and 2.5 GeV for the two axial poles. 
On the right side of Fig. ^|the form factors are com- 
pared to a model where the pole masses are set to 
infinity. Both models fit the data equally well. 

What can we learn about the phase of the s-wave 
contribution? Recall in Figure ^] the cos V asym- 
metry created by the interference between the s-wave 
and D + — > K £ + i> only appeared below the K pole 
in FOCUS data and meaning that the s-wave phase 

was orthogonal with the vukti > m(K ) half of the 
Breit-Wigner amplitude. As Figure ^3 shows, the 
same thing happens in CLEO data : the effective 
h (q 2 ) H (q 2 ) disappears above the K pole and is 
very strong below the pole. The amplitude A of the s- 
wave piece is arbitrary since using interference we can 
only observe the product A h (q 2 ). This means any 
change in A scale can be compensated by a change of 
scale in h (q 2 ). The fact that the ho(q 2 ) H (q 2 ) data 




0.0 0.3 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 







: (d) 







0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 

q 2 (GeV 2 /c 4 ) q 2 (GeV 2 /c 4 ) 

Figure 17: Non-parametric form factor products obtained 
for the data sample (multiplied by q 2 ) The reconstructed 
form factor products are shown as the points with error 
bars, where the error bars represent the statistical uncer- 
tainties. The solid curves in the histograms represent a 
form factor model described in Ref. |20| . The histogram 
plots are: (a) q 2 H 2 + {q 2 ), (b) q 2 H 2 _(q 2 ), (c) q 2 Hl{q 2 ), and 
(d) q 2 h {q 2 )H (q 2 ). The form factors are normalized such 
that q 2 h (q 2 )H (q 2 ) -» 1 as q 2 -> 0. 



was a tolerable match (at least in the low q 2 region) 
to the FOCUS curve in Figure ^| does imply, how- 
ever, that the s-wave amplitude observed in CLEO is 
consistent with that of FOCUS. A more formal fit of 
the s-wave parameters is in progress. 



MV=3.1 , MA=5.5 MV=rc . MA=-> 




q 2 GeV 2 

Figure 18: Non-parametric form factor products obtained 
for data (multiplied by q 2 ) The solid curves are based on 
the s-wave model and measurements described in Refer- 
ence [2(J The reconstructed form factor products are the 
points with error bars. The three plots on the right are 
the usual model with the spectroscopic pole masses; while 
the three plots on the right are run with all pole masses 
with the axial and vector pole masses taken to infinity 
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H o xh (q 2 )Re{Aexp(-i5)(BW)} 





0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 

q 2 (GeV 2 ) 

Figure 19: The s-wave interference term for events below 
the K pole (left) and above the pole (right). The in- 
terference term depends on the s-wave phase relative to 
the phase average phase of each half of the Breit-Wigner. 
All of the cos 8v interference observed by FOCUS was also 
below the K pole as shown in Fig. 1121 



Finally, is there evidence for higher K~n + an- 
gular momentum amplitudes in D + — > K~ir + £ + v? 
We searched for possible additional interference terms 
such as a d-wave contribution: 



4 sin 2 e cos6» v (3 cos 2 V - 1) H Q (q 2 ) h { Q d) (q 2 ) Re{A d e" l,5d BW} 
or an /-wave contribution: 

4sin 2 ^ cos6» v (5 cos 3 V - 3 cos 6) H Q (q 2 ) h ( f \q 2 ) Re{^ /e _i ^BW}. 



r 



As shown in Figure |201 there is no evidence for such 
additional contributions: 

d— wave interference f— wave interference 




I i * 



q 2 (GevVc 4 ) 



q 2 (GevVc 4 ) 



Figure 20: Search for (a) d-wave and (b) /-wave interfer- 
ence effects as described in the text. 



6. Summary 

A great deal of progress has been made in charm 
semileptonic decay in the last few years. A new set 
of precision semileptonic branching ratios have been 
made available from CLEO. These include both ex- 
clusive mesonic branching fractions as well as inclu- 
sive semileptonic branching fractions for the D° and 
D + . This data suggests that the known exclusive de- 
cays comes close to saturating the measured inclusive 
branching fraction, and that the inclusive semileptonic 
widths for the D + and D° are equal as expected. 



The first precision measurements of charm fully lep- 
tonic decay have been made by CLEO (D + — ► n + v) 
and BaBar (Df — > Both experiments produce 

w 8% measurements of the meson decay constants 
(/d) that are consistent with LQCD calculations and 
with comparable uncertainty to the calculations. 

Several new precision, non-parametric measure- 
ments have been made of the f+(q 2 ) form factor in 
D° — » K~l + v. At present the situation is a bit murky. 
The earlier measurements, tend to agree with each 
other as well as the LQCD calculations on the form 
factor shape. One of the new preliminary measure- 
ment has a significantly different shape parameter a. 

Finally progress in understanding vector £ + v de- 
cays was reviewed. These have historically been an- 
alyzed under the assumption of spectroscopic pole 
dominance. Experiments have obtained consistent re- 
sults under this assumption, but as of yet there have 
been no incisive tests of spectroscopic pole dominance. 
We concluded by describing a first, preliminary non- 
parametric look at the D + — ► K ~n + l + v form factors. 
Although the results were very consistent with the tra- 
ditional pole dominance fits, the data was not precise 
enough to incisively measure q 2 dependence of the ax- 
ial and vector form factors and thus test spectroscopic 
dominance. This preliminary analysis confirms the ex- 
istence of an s-wave effect first observed by FOCUS 
plj . and was unable to obtain evidence for d and /- 
waves. 
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